The effects of chemical disorder on the transport properties of the spin-filter material CrVTiAl are investigated experimentally and theoretically. Synchrotron X-ray diffraction experiments on bulk CrVTiAl and the associated Rietveld analysis indicate that the crystal structure consists primarily of a mixture of a partially ordered B2 phase, a fully disordered A2 phase and a small component of an ordered L2 1 or Y phase. High temperature resistivity measurements confirm the existence of a band gap. First-principles, all-electron, self-consistent electronic structure computations show that the chemically disordered A2 and B2 phases are metallic, while the spin-filter properties of the ideal Y-type phase are preserved in the presence of L2 1 disorder. The Hall coefficient is found to decrease with increasing temperature, similar to the measured increase in the conductivity, indicating the presence of thermally activated semiconductor-like carriers.
I. Introduction
Spin-filter materials (SFMs) are promising candidates for generating spin-polarized currents that could be useful for producing next-generation memory and logic devices.
1,2
One of the advantages of a spin-filter device is that it requires only nonmagnetic contacts, as opposed to a standard magnetic tunnel junction (MTJ) that uses ferromagnetic (FM) contacts. SFMs are semiconductors in which a magnetic exchange interaction splits the spin degeneracy, leading to a larger bandgap for one spin direction. 3 The exchange splitting energy 2∆E ex allows an SFM to be used as a tunneling barrier to filter out one spin direction as illustrated in Fig. 1 . As the tunneling probability decreases exponentially with increasing barrier height, the tunneled current from the spin direction with the larger bandgap will be greatly attenuated, leading to a highly spin-polarized tunneling current.
4,5
SFMs such as EuSe have been shown to produce nearly 100% spin polarization at low temperature. 6, 7 However, these well-known SFMs have magnetic transition temperatures below 70 K, making them unsuitable for room temperature applications. Thus, it becomes necessary to explore * g.stephen@northeastern.edu SFMs with high Curie temperatures in order to expand this technology for useful applications outside the laboratory.
Ferromagnetic SFMs produce sizable fringing magnetic fields that can interfere with neighboring components in high-density electronic architectures. In order to alleviate this problem, it is advantageous to find SFMs that maintain the exchange splitting with minimal total magnetic moment. Fully compensated ferrimagnetic Heusler compounds satisfy these requirements, as the internal exchange can be large enough to produce a usable exchange splitting, yet the total moment of the unit cell is small or near zero. Such materials are generally not exactly compensated, so a small moment will exist in real materials that is sufficient to maintain the asymmetric band splitting. Integrating this type of low-moment tunneling barrier with nonmagnetic electrodes would lead to a spin injection device that is essentially nonmagnetic. Recently, Galanakis et. al. have predicted a class of Heusler SFMs that would be effective at room temperature.
9,10
Their calculations show that CrVTiAl has a magnetic transition near 2000 K, and an exchange splitting of 2∆E ex = 0.28 eV on top of an E g = 0.32 eV majority bandgap (Fig. 1) . In addition, CrVTiAl is predicted to be a fully compensated ferrimagnet, allowing the final SF device to create a spin-polarized current without producing significant fringing fields. These properties make high-quality CrVTiAl a promising candidate for a room temperature SFM, and the compound has been synthesized in bulk form.
11,12
Given the difficulty of producing high-quality singlephase quaternary samples, especially as thin films suitable for device integration, it is essential to understand how disorder affects the electronic and magnetic structure.
13,14
Fig . 2 illustrates some basic types of disorder in the quaternary Heusler structure. The fullyordered Y-type structure is shown in Fig. 2(a) . With L2 1 disorder, where the Cr and V atoms intermix, the symmetry is reduced to the familiar full-Heusler structure shown in Fig. 2(b) . B2 disorder, shown in Fig. 2(c) , leads to a smaller unit cell having a 2-atom basis with (Cr, V) atoms at the corners and (Ti, Al) in the center of the cubic cell. Finally, the A2 disorder, shown in Fig. 2(d) mixes all atoms equally and creates a simple body-centered cubic structure.
In the present study we compare the experimental results on bulk polycrystalline CrVTiAl samples to parallel first-principles calculations of the magnetic and electronic structure, where several types of disorder have been included. We show that the fully disordered A2 phase as well as the partially disordered B2 phase is metallic. Furthermore, Hall measurements indicate the onset of an added semiconducting contribution to the Hall coefficient and conductivity, originating from the presence of a small fraction of order (the fully-ordered Y or the partially disordered L2 1 state), which still preserves the bandgap. Results derived from both experiment and theory highlight the robustness of the electronic properties of CrVTiAl, confirming its suitability as an SFM.
II. Electronic structure of CrVTiAl
Disorder effects on the electronic structure were investigated using the all electron, fully charge-and spin-selfconsistent Korringa-Kohn-Rostocker coherent-potentialapproximation (KKR-CPA) first-principles scheme.
15-19
The KKR-CPA assumes that atoms are immersed in an effective medium that is evaluated self-consistently to obtain the average Green's function of the disordered system, and provides a realistic method for determining the electronic structure of randomly substituted alloys * . KKR-CPA does not involve any free parameters and thus is more satisfactory than other non-self-consistent approaches.
12
The exchange-correlation contribution was incorporated within the local-spin-density approximation (LSDA) 21 in the KKR-CPA computations. Charge-and spin-densities were converged to a high degree of accuracy. A muffin-tin radius of 2.51 a.u was used for all 4 atomic species. The experimental value of the lattice constant of a = 6.136 Å was used (see discussion of XRD measurements below). In order to validate our simulations, we also modeled the Y-ordered phase using the Perdew-Burke-Ernzerhof (PBE) functional with a k-mesh of 18x18x18. Good agreement between the PBE and LSDA schemes is found, see Supplementary Material for details. * Supercell calculations for quaternary Heusler compounds have been reported by Neibecker et. al. 20 to show that disorder effects are captured reasonably within the single-site KKR-CPA scheme. Effects of disorder were considered for three different types of random substitutions as follows. (1) Cr with V (L2 1 ), (2) Simultaneous substitution of Cr with V and Ti with Al in the B2 structure and, (3) all four atomic species were equally mixed in the A2 phase (Fig. 2) . It is important to note that the disordered L2 1 structure preserves the bandgap for both spins. Nevertheless, a general broadening of the features in the DOS is observed, thus reducing the gaps to values of 0.17 eV for the spin-up states and 0.25 eV for the spin-down states. This shrinkage could be caused by the presence of chemical disorder that disturbs the periodicity of the lattice; it could also be attributed to the fact that the LSDA exchange-correlation functional is known to underestimate the bandgap.
25
Moreover, we find that mixing of Y and L2 1 structures produces a robust SFM. As shown in Fig. 3 , disorder effects close the gap in B2 and A2 structures. In particular, the electronic structure is sensitive to Ti-Al mixing, which is found to close the gap and produce a metal.
The Y and L2 1 phases are clearly necessary for possible spin-filter applications, since they support bandgaps of spin-up and spin-down states of finite but unequal magnitudes. The fact that CrVTiAl remains an SFM even when mixing between Cr and V is introduced in the system, speaks to the robustness of the bandgaps, indirect for minority spins and direct for majority spins. The origin of the gaps lies in the bonding t 2g and the non-bonding t 1u hybridized states, as reported by Galanakis
26
, with more detailed explanations provided in the work of Özdoğan.
10
DFT studies 9, 10, 26 have shown that the p-d hybridization is responsible for the fully compensated ferrimag- netism, with prominent magnetic moments on the Cr and V atoms. These magnetic properties are confirmed by our first-principles calculations. Our spinpolarized self-consistent calculation of the Y ordered phase using WIEN2k, yielded a total magnetic moment of 0 µ B /formula unit, consistent with the experimental results
11
, with the predicted moments of: -2.63 µ B , 2.06 µ B , 0.40 µ B and 0.02 µ B on the Cr, V, Ti and Al sites, respectively, in good agreement with the literature.
26

III. Experimental Results
Bulk ingots were synthesized by arc melting stoichiometric quantities of elements followed by annealing for one week at 1000
• C. Details of the synthesis can be found in Ref.
11
Here, to further investigate the degree of atomic mixing in the Heusler lattice, synchrotron X-ray diffraction (XRD) was performed at the Cornell Energy Synchrotron Source A2-beamline (λ = 0.6277 Å). Fig. 4 shows the synchrotron XRD spectrum of the bulk CrVTiAl. The four strong XRD peaks corresponding to the (220), (400), (422), and (440) reflections are found to have the ideal intensity ratios common to the fully ordered Y-type structure, as well as the three disordered structures (L2 1 , B2, and A2) illustrated in Fig. 2 . There are also weak peaks corresponding to the (200) and (111) Bragg reflections, shown in the inset of Fig. 4 , which can be used to estimate the amount of chemical ordering in the phase.
In order to determine the phase fraction of other structures contributing to the XRD pattern, Rietveld analysis employing FullProf software was used to refine the XRD data.
27,28
The bulk sample was found to be composed of 87 ± 5 wt% of phases of the CrVTiAl compound with lattice constant a = 6.136 ± 0.009 Å. Pure elemental phases were found to be present, including Cr (≈ 3 ± 1 %) and Ti (10 ± 4 %). It is possible, however, that other binary and ternary phases may also be present but are not detected due to low phase fraction. The XRD Bragg peak widths were used to estimate the coherent particle size. Williamson Hall analysis of the (220) and (440) peaks gave a particle size of τ = 20 ± 4 nm with a strain of ǫ = 2.5 ± 0.3%.
29
As demonstrated by Takamura et al. 
where S B2 is the fraction of CrVTiAl that is in the B2 phase. The integrated intensity ratios of the (200) and (400) peaks yields S B2 = 0.58 ± 0.02, indicating that the structure is composed primarily of the B2 structure with a small admixture of the A2 structure. A distinct (111) Bragg peak can be seen in the XRD data highlighted in the inset of Fig. 4 , but its weak intensity and characteristic background makes it difficult to obtain good quality Rietveld fits. Nevertheless, a comparison of the intensity of the (111) peak to that of the (220) peak gives an estimate of 6% for the amount of L2 1 in the sample. We hypothesize that the presence of texture in the sample causes the L21 phase fraction to be underestimated. The predicted XRD patterns for the L2 1 and Y phases in this composition are differentiated only by small differences in the intensities of the (111) and (200) 
Notably, in addition to the substantial linear magnetic component arising from the compensated ferrimagnetism, there may be an additional diamagnetic contribution from the elemental phases (Cr, Ti, Al). However, the total measured mass susceptibility of 4.6×10 −5 cm 3 /g is too large to originate from the low concentrations of these elemental phases, indicating that the majority of this linear-in-field moment must arise from the CrVTiAl phase.
31
The transport experiments presented here reveal strong evidence of thermally-activated semiconducting carriers, as verified by both Hall and resistivity measurements. We have previously reported metallic resistivity in this compound for low T that deviated from linearity in the range 200 K < T < 320 K, and attributed that behavior to a two-carrier model.
11,13
The inverse Hall coefficient in Fig. 5 is seen to increase for increasing temperature as a result of this thermal activation, which clearly indicates an increase in the number of carriers at higher temperatures. However, this increase is only a qualitative measure as the Hall voltage could have additional linearin-field contributions such as a temperature-independent anomalous Hall effect.
We have measured the zero-field resistivity the zerofield resistivity has been measured up to 700 K at the National High Magnetic Field Lab. The resistivity begins to decrease around 400 K and decreases rapidly for temperature up to 700 K. The high-temperature resistivity data is fit to a two-carrier model as detailed in Ref.
11
, where resistivity is modeled by considering two parallel and independent conduction channels, one with a constant number of carriers (metallic) and the other with thermally activated carriers (semiconducting). A simple phonon-dominated mobility is assumed for both channels. A fit to this model gives an activation energy of ∆E = 0.13 ± 0.02 eV, which is comparable to the previously reported value.
For an intrinsic semiconductor, the activation energy is given by ∆E = E g /2, so the present experimental value E g = 0.26 eV for the bandgap lies between the predicted majority carrier bandgaps of 0.17 and 0.34 eV for the L2 1 and Y-type phases. This is about 1/3 of the gap in germanium, and substantially larger than the thermal energy at room temperature. Our observation of similar temperature-dependent changes in both the resistivity and Hall coefficient is best explained by the aforementioned two-carrier model, which involves a combination of a metallic and semiconducting component components.
11,13
Thus, out electrical transport measurements support the coexistence of metallic A2 and B2 phases alongside the presence of a semiconducting L2 1 or Y-type phase in the sample. 
IV. Conclusions
Our ab initio calculations show that the bandgap and spin-polarization of CrVTiAl collapse under B2 and A2 disorder, but are preserved under L2 1 disorder. These predictions are consistent with the observed metallic-like electrical behavior that is dominant below T = 200 K, which we associate with B2-and A2-type disorder. However, the Hall and conductivity measurements indicate a semiconducting-like behavior above T = 200 K arising from thermally-activated carriers resulting from a small percentage of L2 1 ordered phase. The robustness of the computed spin-polarized bandgaps suggests that CrVTiAl can be an effective SFM, even without being fully chemically ordered in the Y phase, but it will benefit from improvements in its crystal structure.
V. Supplementary Material
The supplementary materials contain a comparison of the DOS for the ordered Y structure as calculated by KKR-CPA and WEIN2K.
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